Au nanoparticles (NPs) have important applications in bioimaging, clinical diagnosis and even therapy due to its water-solubility, easy modification and drug-loaded capability, however, easy aggregation of Au NPs in normal saline and serum greatly limits its applications. In this work, highly stabilized coresatellite Au nanoassemblies (CSAuNAs) were constructed by a hierarchical DNA-directed self-assembly strategy, in which satellite Au NPs number could be effectively tuned through varying the ratios of core-AuNPs-ssDNA and satellite-AuNPs-ssDNAc. It was especially interesting that PEG-functionalized CSAuNAs (PEG-CSAuNAs) could not only bear saline solution but also resist the enzymatic degradation in fetal calf serum. Moreover, cell targeting and imaging indicated that the PEG-CSAuNAs had promising biotargeting and bioimaging capability. Finally, fluorescence imaging in vivo revealed that PEG-CSAuNAs modified with N-acetylation chitosan (CSNA) could be selectively accumulate in the kidneys with satisfactory renal retention capability. Therefore, the highly stabilized PEG-CSAuNAs open a new avenue for its applications in vivo.
et al. demonstrated recently that equilibrium encapsulation of 1 nm hydrophobically modified AuNPs occurs at the rim and resulted in formation of a ring of gold and showed that lipid nanodiscs can enhance gold cluster formation, which can be further exploited in imaging applications 17 . DNA has been regarded as one of the most powerful biomolecules to control over the assembly architectures owning to its unique programmability, outstanding biocompatibility, ease of synthesis and modification as well as strong physicochemical stability [18] [19] [20] [21] . At present, different structures of DNA-directed Au NAs have been reported, such as one-dimensional (1D) NP chains, 2D nanofilms and 3D star-or flower-like structures 13, [22] [23] [24] [25] [26] . But, DNA-directed Au NAs are still rare to be applied in biomedine in vivo although Au NAs have many advantages such as more drug loading amount, higher luminescence imaging efficiency and better biological compatibility and stability in comparison with isolated Au NPs. This is mainly because the stability of the existing Au NAs is still not enough to endure destruction from in vivo saline solution and serum containing abundant charged proteins, enzymes and nuclease [27] [28] [29] [30] . To broaden the biological application of DNA-directed Au NAs, it is of key importance to fabricate Au NAs of nontoxicity and high stability in saline solution and serum 31 . It have been found that hydrophilic PEG moieties on the particle surface created steric hindrance for serum protein adsorption and slow down NP uptake by spleen 32 . And recently, Knop' group has demonstrated that suitable length PEG can reduce non-specific interactions with biomeolecules and cells 33 .
In this study, we designed a well-defined core-satellite-shaped Au NAs (CSAuNAs) based on the hybridization of two complementary ssDNA, the stability including salt-bearable and serum-resisting ability, fluorescence imaging as well as targeted therapy application of which were investigated. The CSAuNAs were prepared through using core AuNPs of about 18.7 nm and satellite AuNPs of about 3.9 nm conjugated with two complementary ssDNA (i.e., ssDNA and ssDNAc), respectively. It was found that the molar ratio of core-AuNPs-ssDNA to satellite-AuNPs-ssDNAc played important roles in adjusting "satellite" quantities of the CSAuNAs. The CSAuNAs prepared at the molar ratio of 1:160 between core-AuNPs and satellite-AuNPs had very high stability and could bear 3-fold concentration of normal saline. Cytotoxicity and fluorescence-labeling characteristic of PEG-modified CSAuNAs were also explored. Cell experiments revealed that the PEG-modified CSAuNAs could maintain ≥90% cell viability within 5~50 µM. Fluorescence measurement indicated that the fluorescein isothiocyanate (FITC)-labeled PEG-and chitosan-modified CSAuNAs could effectively target toward renal tubular epithelial cells. Furthermore, fluorescence imaging of vital organs of mice revealed that PEG-CSAuNAs modified on NACS could be relatively more distribute in the kidneys than other organs after intravenous injection. Thus, NACS-modified PEG-CSAuNAs may provide an excellent opportunity for in vivo imaging and targeted therapy toward chronic kidney diseases.
Results and Discussion
Self-assembly of the CSAuNAs. In our strategy, highly stabilized CSAuNAs were constructed by a hierarchical DNA-directed self-assembly strategy, in which core AuNPs were encircled by satellite AuNPs. The schematic illustration of the DNA-directed self-assembly and surface modification of the CSAuNAs is presented in Fig. 1 . First, Au NPs with the average diameters of around 18.7 nm and 3.9 nm were produced, respectively (Fig. S1 ). Subsequently, the Au NPs were reacted with complementary DNA (Table S1 ) and separated to form AuNP/DNA conjugates which would be used as CSAuNAs building blocks. To ensure the self-assembly, core AuNPs were conjugated with ssDNA at a molar ratio of 1:200 and satellite AuNPs were coupled with ssDNAc at 1:1. And then different amounts of satellite NPs self-assembled to core NPs through base-pairing between ssDNA and ssDNAc. Next, polyethylene glycol with thiol and carboxy group (HS-PEG-COOH) was modified to further improve the biological stability of CSAuNAs and reduce their non-specific interactions with biomolecules and cells. Meanwhile, the FITC-labeled PEG-modified CSAuNAs were also prepared by adding HS-PEG-COOH and HS-PEG-FITC (1:1 molar ratio). Finally, the soluble NACS was modified onto the HS-PEG-COOH of the FITClabled PEG-modified CSAuNAs to target renal tubular epithelial cells. Transmission electron microscopy (TEM) images and gel electrophoresis of the CSAuNAs. Figure 2 shows TEM images and corresponding histogram plots of the CSAuNAs assembled by the different ratios between core-AuNPs-ssDNA and satellite-AuNPs-ssDNAc. It could be clearly seen that the "core-satellite" structure was successfully obtained by the present assembly strategy and the number of satellite NPs was adjustable through varying the molar ratio between satellite-AuNPs-ssDNAc and core-AuNPs-ssDNA. With increasing the molar ratio, the numbers of the satellite NPs presented regular variation, indicating that the molar ratio between satellite-AuNPs-ssDNAc and core-AuNPs-ssDNA played an important role in the self-assembly of the CSAuNAs. When the molar ratio increased from 40 to 160, the numbers of satellite NPs gradually increased from ca. 4 to ca. 16. Yet, when the molar ratio was more than 160 (e.g., 320), the number of the satellite NPs remained unchanged, which was probably because the number of the satellite NPs on the surface of the core NPs reached saturation. This was also demonstrated by gel electrophoresis measurement (Fig. S2) . The CSAuNAs had slower migration rates than those of satellite Au NPs and core Au NPs, indicating the formation of the the "core-satellite" structure. Moreover, the more satellite NPs number had the slower migration rates.
Surface modification and fluorescence labeling of the CSAuNAs and AuNPs.
Many studies have demonstrated that PEG covering could minimize the toxicity of nanomaterials and improve its ability to resist immunological recognition, and then prolonged its vivo circulation time 34, 35 . The CSAuNAs were conjugated with HS-PEG-COOH through Au-S covalent bond. After conjugation, the hydrodynamic size of the CSAuNAs increased from 47.0 to 66.0 nm. Meanwhile, after the PEG modification, the zeta potential of the CSAuNAs changed from around -27 to around -1.2 mV (Fig. S3 ). The increase of hydrodynamic size and decrease of negative charge of the CSAuNAs revealed that PEG was successfully modified onto the surface of the CSAuNAs 36 . To perform cell fluorescence imaging, HS-PEG-FITC that was conjugated through using HS-PEG-NH 2 and FITC was modified on the surface of the CSAuNAs. successfully modified on the surface of the PEG-CSAuNAs. Similarly, AuNPs were able to be modified with PEG and FITC according to the same process above.
Salt-bearable property of the PEG-CSAuNAs. It is well known that the internal environment in vivo
is essentially a salt solution equal to 0.9% normal saline, in which NPs easily aggregate due to electrostatic interaction 37 . To investigate the salt-bearable property of the PEG-CSAuNAs, different PEG-CSAuNAs were mixed with different NaCl concentrations, the aggregation states of which were observed through color change and peak shift of UV-vis absorption. Figure 4A depicts the color change of the PEG-CSAuNAs after incubation with normal saline for different time. It could be seen that the four PEG-CSAuNAs solutions still presented red color after 12 h, which was completely different from the light violet color of PEG-modified core AuNPs incubated with normal saline (Fig. S4 ). This suggested that the PEG-CSAuNAs prepared by the present assembly strategy had good stability in normal saline within 12 h. Nevertheless, it was important to note that there existed tiny sediment when the PEG-CSAuNAs prepared using the 1:320 molar ratio was stored in normal saline for 24 h although its supernatant still remained red color.
It is a sensitive tool for UV-vis spectroscopy to monitor whether Au NPs aggregate in different medium because the UV-vis absorption peak will red-shift with Au NPs aggregation 38 . As Fig. 4A ,B display, the maximum absorption intensities for the PEG-CSAuNAs supernatants decreased to some degree after 5-day incubation with normal saline, indicating partial aggregation of the PEG-CSAuNAs. Nevertheless, there was also no obvious red-shift of the maximum absorption peak compared with PEG-CSAuNAs before incubation. Moreover, the PEG-CSAuNAs prepared using the 1:160 molar ratio should have the best stability in normal saline among these PEG-CSAuNAs (Fig. S5) . To further study its salt-bearing ability, the PEG-CSAuNAs prepared using the 1:160 molar ratio were incubated with NaCl solution with different PEG-CSAuNAs (Fig. S5) . To further study its salt-bearing ability, the PEG-CSAuNAs prepared using the 1:160 molar ratio were incubated with NaCl solution with different concentrations for 2 h (Fig. 4C,D) . When the NaCl concentrations increased from 0.9% to 3.0%, the PEG-CSAuNAs still presented red color and the absorption peaks in UV-vis spectra showed no obvious red-shift. However, if the NaCl concentration increased up to 3.3%, the PEG-CSAuNAs would transform into purple and its UV-vis absorption peak presented approximately 7-nm-red-shift (Fig. S6) . This revealed that the PEG-CSAuNAs could bear salt concentration as high as 3.0% (more than 3-fold of that in normal saline), thus further demonstrating that the salt-bearing stability of the Au NPs were largely enhanced because of its self-assembly structure and surface optimization.
Serum-resisting properties of the PEG-CSAuNAs. It is known that serum contains a variety of enzyme including nuclease which will cause the degradation of exogenous oligonucleotide 39 . The PEG-CSAuNAs prepared at the 1:160 molar ratio were incubated with 10% fetal calf serum (FCS) for 6 h and characterized by TEM (Fig. 5) . The yield of PEG-modified Au NAs with satellite structures was almost 95% before incubation and nearly 90% after incubation. Enumerating from TEM imagines with more core-satellite structures (Fig. S7) , the average satellite quantity of the PEG-CSAuNAs was counted to be about 15, which was almost the same as that before incubation. We also found that the average diameter of core nanoparticles was 18.7 ± 1.3 nm before incubation and were almost 18.7 nm after incubation. Besides, the "core-satellite" structure was well maintained although the "core-satellite" structure of the PEG-CSAuNAs incubated with FCS presented an obvious increase from 4.5 nm to 11.0 nm with respect to the interparticle distance between core and satellite Au NPs (Fig. S8) . This is probably because that negatively charged DNA scaffold was electrostatically absorbed by positively charged FCS and thus hindered the shrink of DNA scaffold. As a contrast, we prepared PEG-modified core nanoparticles and incubated them in 10% FCS for 6 h, a slightly aggregation in TEM (Fig. S9 ) and ~12 nm increase of hydrodynamic size of PEG-modified core nanoparticles were observed. Even though PEG is helpful to improve the stabilities of nanoparticles, there were also agglomeration of PEG-modified core nanoparticles after incubation in FCS due to replacement and/or non-specific adsorption, which would also be found from previous report 36 . Therefore, the DNA-directed PEG-CSAuNAs had good stability in serum.
Cytotoxicity studies of the PEG-CSAuNAs. Figure 6 shows histogram plots of in vitro cytotoxicity of the PEG-CSAuNAs incubated with human renal tubular epithelial (HK-2) cells. As shown in Fig. 6 , the viability of HK-2 cells cultured with the PEG-CSAuNAs for 6, 12 and 24 h was more than 90%. Thus, the PEG-CSAuNAs in a wide concentration range from 5 to 50 µmol/L had no obvious cytotoxicity.
Cell targeting of the NACS-PEG-CSAuNAs and NACS-PEG-AuNPs.
To visualize cell targeting, the PEG-CSAuNAs or PEG-AuNPs were first conjugated with NACS and FITC. Then, tubular epithelial cells were explored to investigate cell targeting of the PEG-CSAuNAs or PEG-AuNPs. Cell targeting of the PEG-CSAuNAs or PEG-AuNPs towards tubular epithelial cells was performed through interaction between NACS and megalin receptor of tubular epithelial cells, which was partly ascribed to the glucosamine of NACS 40, 41 and might be an active cellular uptake process. After co-cultured with PEG-CSAuNAs or PEG-AuNPs for 3 h, the results demonstrated that FITC-NACS-PEG-CSAuNAs was more easily taken in than FITC-NACS-PEG-AuNPs (Fig. 7) . To further explore the possible mechanism of cell uptake, FITC-NACS-PEG-CSAuNAs were treated with EDTA which is a competitor of calcium-dependent endocytosed pathway 42 . As shown in Fig. S10 , apparent intracellular fluorescence could be discerned in the cytoplasm in the absence of EDTA, but it would disappear in the presence of EDTA. This suggested that the NACS-PEG-CSAuNAs also had good cell targeting, which will offer an avenue for in vivo targeted therapy toward renal diseases.
Fluorescence imaging of FITC-NACS-PEG-CSAuNAs and FITC-NACS-PEG-AuNPs in vivo. To evaluate in vivo biodistribution and kidney targeting efficacy of FITC-NACS-PEG-CSAuNAs and
FITC-NACS-PEG-AuNPs, male Balb/c mice were intravenously injected FITC-NACS-PEG-CSAuNAs or FITC-NACS-PEG-AuNPs, and sacrificed at 3 h post-injection. Major organs were collected to exposed to imaging system. Figure 8 indicated selective accumulation of FITC-NACS-PEG-CSAuNAs in kidney, whereas no significantly bright fluorescence was observed in all other tissues. Whereas, no special fluorescence distributed in kidneys after administrated with FITC-NACS-PEG-AuNPs. These suggested that FITC-NACS-PEG-CSAuNAs exhibited higher renal retention and apparent difference in different organs than FITC-NACS-PEG-AuNPs, which might be attributed to the good stability of NACS-PEG-CSAuNAs.
Conclusions
In conclusion, we have constructed novel CSAuNAs with core-satellite structure by a hierarchical DNA-directed self-assembly strategy, in which the CSAuNAs were modified with PEG, FITC and NACS. The satellite Au NPs number in the CSAuNAs could be effectively adjusted through varying the ratios of core-AuNPs-ssDNA and satellite-AuNPs-ssDNAc. The PEG-functionalized CSAuNAs not only possessed highly salt-bearable ability but also could resist the degradation of nuclease in serum. Moreover, cell targeting and imaging indicate that the PEG-CSAuNAs have excellent biotargeting and bioimaging capability. And more importantly, in vivo fluorescence imaging analysis revealed that PEG-CSAuNAs modified on CSNA could be specifically targeted to kidneys with satisfactory renal retention capability. The highly stabilized PEG-CSAuNAs open a new avenue for Au NAs applications in biomedicine such as bioimaging and targeted therapy.
Methods
Materials. 1×TBE buffer: tris(hydroxymethyl)aminomethane (Tris, 89 mM), chloroauric acid (HAuCl 4 ), disodium ethylenediaminetetraacetic (EDTA, 2 mM), polyethylene glycol (PEG, Mw = 5,000), bis(p-sulfonateophenyl)phenylphosphine dihydrate dipotassium (BSPP), sodium dihydrogen phosphate (NaH 2 PO 4 .2H 2 O), disodium phosphate dodecahydrate (Na 2 HPO 4 .12H 2 O), fluorescein isothiocyanate (FITC), dithiothretol (DTT) and sodium borohydride (NaBH 4 ) were obtained from Sigma-Aldrich (USA). Sodium dodecylsulfate (SDS), sodium citrate (Na 3 C 6 H 5 O 7 ), sodium chloride (NaCl) were analytical grade reagent from Guangdong Guanghua Chemical Reagent Co. (China). DNA oligonucleotides were synthesized by Sangon Biotech. Co. (China). Fetal calf serum (FCS), 4′,6-diamidino-2-phenylindole (DAPI), renal tubular epithelial cells and 0.05% trypsin from American Type Culture Collection. N-acetylation chitosan (NACS) was prepared according to the previous method in our group 43 . All the reagents were used as received without further purification. Milli-Q water (>18.0 MΩ cm) was used to prepare all aqueous solutions.
Self-assembly of CSAuNAs. Firstly, ssDNA were activated using 0.1 M DTT and purified through Nap-5 columns before use. Meanwhile, core Au NPs with the average diameter of approximately 18.7 nm were prepared according to the literature 44 with certain modification while the ~3.9 nm satellite Au NPs were synthesized through the previously reported NaBH 4 reduction method 45 . 10 mM phosphate buffer solution (PBS, pH = 7.3) prepared by mixing 72 mL 200 mM Na 2 HPO 4 and 28 mL 200 mM NaH 2 PO 4 solution was used for the following self-assembly. Then, core Au NPs were conjugated with ssDNA at the molar ratio of 1:200 in 0.1% SDS, 10 mM PBS and 50 mM NaCl solution. The concentration of NaCl solution was gradually increased up to 200 mM within 10 h to facilitate the effective conjugation between multiple ssDNA and core Au NPs. The mixture were gently shaken for 12 h and centrifuged and redispersed in 10 mM PBS. Meanwhile, satellite Au NPs were coupled with ssDNAc at 1:1 molar ratio in 0.1% SDS, 10 mmol/L PBS and 50 mmol/L NaCl solution and incubated at 4 °C for 10 h. After that, the mixture was dialyzed in 10 mmol/L PBS to obtain the purified satellite-AuNPs-ssDNAc conjugates. Finally, core-AuNPs-ssDNA and satellite-AuNPs-ssDNAc were mixed at the molar ratio of 1:40, 1:80, 1:160 and 1:320. The mixture was mildly stirred under room temperature for 24 h and separated through centrifugation to remove the unbounded satellite-AuNPs. The red precipitate were redispersed and reserved at 4 °C for further use.
PEG modification and fluorescence labeling of CSAuNAs and AuNPs. In a typical procedure for the PEG modification of CSAuNAs and AuNPs, HS-PEG-COOH was first added to the CSAuNAs(1:160) and AuNPs. Then, the mixture was shook sufficiently and incubated at 4 °C for 9 h. Finally, the PEG-CSAuNAs and PEG-AuNPs were obtained by centrifugation.
In a typical procedure for the fluorescence labeling of CSAuNAs and AuNPs, HS-PEG-COOH and HS-PEG-FITC (1:1 molar ratio) were first added to the CSAuNAs(1:160) and AuNPs. Then, the mixture was shook sufficiently and incubated at 4 °C for 9 h. Finally, the FITC-PEG-CSAuNAs and FITC-PEG-AuNPs was obtained by centrifugation.
Cytotoxicity assessment of CSAuNAs. To examine the cytotoxicity induced by PEG-CSAuNAs, human renal tubular epithelial cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) medium supplemented with 10% heat-inactivated FCS at 37 °C in a humidified environment of 5% CO 2 . The culture medium was replaced every 48 to 72 h. Then, cells at approximately 80% confluence were trypsinized using 0.05% trypsin/0.02% EDTA solution. Next, cells were seeded into three 96-well plates at a density of 5,000 cells per well. After 24 h, old medium was discarded and followed by replacement with fresh DMEM serum-free medium. Finally, cells were subjected to PEG-CSAuNAs of a wide concentration range from 5 to 50 μmol/L and incubated for 6, 12 and 24 h, respectively, in which the cells untreated with PEG-CSAuNAs were used as the control groups. 10 μL cell counting kit-8 (CCK-8) was added into each well and cells were further maintained for another 2 h. The optical density (OD) was measured with a microplate reader at the wavelength of 450 nm.
Cell targeting of FITC-NACS-PEG-CSAuNAs and FITC-NACS-PEG-AuNPs.
Firstly, soluble N-acetylation chitosan was conjugated with FITC-PEG-CSAuNAs or FITC-PEG-AuNPs. Then, tubular epithelial cells were cultured in 6-well-plates and divided into three groups contained with FITC-PEG-AuNPs, FITC-PEG-CSAuNAs and FITC-PEG-CSAuNAs contained with 0.2 mg/ml EDTA. Then, all group cells co-cultured in 37 °C for 2 h. Theses cells were washed using 50 mM glycine and 100 mM NaCl. Finally, these cells were dyed by DAPI (blue fluorescence).
Fluorescence imaging of FITC-NACS-PEG-CSAuNAs and FITC-NACS-PEG-AuNPs in vivo. Male
Balb/c mice were intravenously administered FITC-NACS-PEG-CSAuNAs or FITC-NACS-PEG-AuNPs and sacrificed 3 h after injection. Major organs were collected and exposed to a imaging system equipped with an excitation at 470 nm and an emission at 535 nm.
Characterizations. Transmission electron microscopy (TEM) was carried out with a Hitachi H-7500 microscope operated at 80 kV. UV-visible (UV-vis) absorption spectra were performed using a Hewlett-Packard 8452 diode array spectrometer (U-3010). Particle size distribution and zeta potential were recorded by Malvern Nano-ZS (UK). Agarose gel electrophoresis (AGE) samples were acquired by using Powersupplies PowerPac HV (Bio-Rad, American) performed at 80 V for 50 min. Fluorescence spectra were measured by LS 55 Fluorescence Spectrometer (PerkinElmer, American). In vivo fluorescence imaging was scanned with Bruker FX PRO imaging system (Rochester, NY, USA).
